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Abstract—This paper considers the prioritised transmission of H.264 layered coded video 
over wireless channels. For appropriate protection of video data, methods such as prioritised 
forward error correction coding (FEC) or hierarchical quadrature amplitude modulation 
(HQAM) can be employed, but each imposes system constraints. FEC provides good 
protection but at the price of a high overhead and complexity. HQAM is less complex and 
does not introduce any overhead, but permits only fixed data ratios between the priority 
layers. Such constraints are analysed and practical solutions are proposed for layered 
transmission of data-partitioned and SNR-scalable coded video where combinations of 
HQAM and FEC are used to exploit the advantages of both coding methods. Simulation 
results show that the flexibility of SNR scalability and absence of picture drift make it 
superior to data partitioning in such applications. 
 
Index Terms—H.264 layered coding, data partitioning, SNR scalability, unequal error 
protection, hierarchical QAM, prioritised turbo coding.  
 

1 INTRODUCTION 

Within a given bandwidth, the capacity of a communication channel is determined by its 
signal-to-noise-ratio (SNR)  [1] which can vary widely. Ideally, a service such as video over 
wireless networks should adaptively change its information rate according to the available 
channel capacity. For example, low SNRs can only support a low source rate and require a 
high protection of contents, and conversely for high SNRs, a high source rate can be 
transmitted with less protection  [2]. However, this ideal adaptation is not feasible in many 
applications where the transmitter has no knowledge of the channel conditions such as in 
video broadcasting. The solution might be a conservative design which only considers low 
SNRs and so would have a low throughput at high SNRs. Alternatively, unequal error 
protection (UEP) has been proposed in which only an essential portion of the source contents 
are protected for low SNRs and the rest would be available only at higher SNRs  [3] [4].  
 
To achieve UEP for a video service, two distinct considerations are required. First, the 
contents of the coded video should be divided into layers that classify their importance. This 
can be achieved – for example – by the data partitioning of the H.264 standard†  [5]. 
Secondly, the network should offer a different protection against noise for each layer. Let us 
assume there is a high priority (HP) and a low priority (LP) layer with the corresponding 
source bit rates sHP and sLP. One solution to achieve UEP is to incorporate prioritised forward 

                                                 
* Author for correspondence   
† H.264 is also called MPEG-4 part 10 advanced video coding (AVC), but throughout this paper for convenience 
we call it H.264.  



error correction codes (FEC) with coding ratios RHP<RLP which means greater coding 
protection for the HP layer. Hence, the total required channel rate (the sum of HP and LP 
channel rates) becomes:  
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Assuming the unequal channel coding ratios, RHP and RLP, are constant, then in order to have 
a constant total channel rate (ch), not only the total source rate (sHP + sLP) should be fixed, 
but also the allocation between sHP and sLP needs to be constant. In other words, both source 
bit rates sHP and sLP should be at constant rates – a condition which is not met in the case of 
data partitioning.  
 
Another alternative for UEP is hierarchical quadrature amplitude modulation (HQAM)  [6] in 
which the two most significant bits (MSBs) of each transmitted symbol with a gray mapping 
have a better immunity against the noise than the remaining least significant bits (LSBs). 
Although HQAM does not impose as much complexity on the system as FEC does, it is more 
limiting in that the fixed number of MSBs and LSBs bits requires chHP and chLP to be 
constant. 
 
In this paper, practical solutions for UEP transmission of H.264 bitstreams are presented 
where we combine HQAM and FEC to take advantage of both. First for H.264 with data 
partitioning, since the proportion of the HP and LP source rates cannot be easily controlled, 
we consider switching the channel coding ratios in a prioritised FEC scenario as explained in 
Section  2. We then employ our switched multilevel HQAM  [7] and show that a combination 
of switched HQAM and fixed FEC results in a better performance. However, data 
partitioning still suffers from picture drift where receiving the HP layer alone can lead to the 
accumulation of errors in pictures. Hence, we consider a drift free H.264 SNR scalable 
solution  [8] and analyse its practical limitations in Section  3. In the simulation results of 
Section  4 we show that the flexibility of SNR scalability is better able to withstand the 
network constraints and is superior to data partitioning in UEP scenarios.  
 

2 UNEQUAL ERROR PROTECTION WITH DATA PARTITIONING IN H.264 (UEP-DP) 

2.1 UEP-DP with switched prioritised FEC (Switched Turbo-Coding) 

In the data-partitioning mode of H.264, each slice is divided into three NAL (network 
abstraction layer) units. NAL-A, the most important unit, carries addressing and motion data 
and NAL-B and NAL-C carry the intra- and inter-residual data. In this work, we consider 
NAL-A as the HP layer and group both NAL-B and NAL-C into the LP layer. By adjusting 
the quantisation parameter, one can control the overall source rate (sHP+sLP) for an acceptable 
low-delay transmission. However, in a constant bit rate stream, the bit rate of the HP layer is 
still variable (Fig. 1) under the influence of picture contents and the motion of objects. 
Therefore, after adding the protection bits to this layer, the total channel data rate (Equation 
1) is still variable in spite of the efforts of the source rate control. 
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Fig. 1. A constant rate data-partitioned video (48 kbps) after adding UEP, (for Foreman QCIF test sequence at 
10Hz, with RHP=1/2 RLP=3/4). 
 
To maintain a constant channel rate in UEP-DP, the channel coding ratios (RHP and RLP) 
should be frequently adjusted with respect to the size of the HP and LP layers. We note that 
the main priority must be the HP layer. Thus, we do not compromise its protection (we fix 
RHP whatever the size of the HP layer) and only vary RLP to maintain a fixed total channel 
rate. In this paper, we allocate 60% of each transmitted packet to the source data and 40% to 
the parity. Fig. 2 depicts the different switching modes in our UEP-DP with their 
corresponding capacities for the HP and LP source data. When loading packets of each frame 
to a smoothing buffer, the actual percentage between the HP and LP source units is calculated 
and the appropriate mode from Fig. 2 that offers the closest HP and LP ratio is selected. Note 
that the selected mode is reported to the receiver in order to perform the corresponding 
channel decoding procedure. This very low rate control data can be transmitted reliably, and 
in this paper it is assumed to be error free.  
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Fig. 2. Capacity of a transmitted packet in switched turbo-coded UEP-DP 

 
The above FEC approach has certain limitations. For example, its parity bit overhead is high 
such that with a limited channel rate, the source rate must be restricted to very low values. 
However, reducing the source rate in data-partitioned video will increase the proportion of 
the HP layer, as the motion information becomes the dominant part of the data. This further 
limits the system performance because the LP layer will have less opportunity for protection, 
i.e. RLP will be more often switched to 1/1. To overcome this problem, we employ HQAM to 
offer prioritisation as discussed below. 

2.2 UEP-DP with combined FEC and switched HQAM 

A conventional square M-HQAM constellation  [6] offers two levels of priority, where M 
(≥16) denotes the number of signal points in the constellation. HP data bits occupy the two 
most significant bits of each point label while LP data occupies the remaining bits (i.e. 2 bits 
for 16- and 4 bits for 64-HQAM). Fig. 3(a) shows such a constellation diagram for 2-level 



64-HQAM, where the distances between quadrants (a in Fig. 3(a)) and between points inside 
each quadrant b are adjusted such that a > b, giving a distance factor α = a/b. For a given 
average signal power, increasing the value of α increases the HP protection, but decreases the 
LP protection, thus providing a simple UEP. However, the fixed number of MSBs and LSBs 
requires the channel rates chHP and chLP to be constant and as noted earlier, for data 
partitioning there is no such constant relationship. We therefore, resort to a multilevel HQAM 
to switch the HP and LP bit lengths as explained below.  
 

a c b
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(a) Mode-2:  

α = a/b = 1.5,  β = b/c = 1 
(b) Mode-3:  

α = a/b = 1,  β = b/c = 2 
Fig. 3. Hierarchical constellations for 64-QAM.  

 
In a multilevel HQAM  [9] the constellation points are placed in such a way that groups of 
bits within the point label have similar degrees of protection as illustrated in the constellation 
diagram of Fig. 3(b) for 3-level 64-HQAM. Two distance factors are now introduced α = a/b, 
and β = b/c. The values of α and β will determine the system “mode”. Mode-1 with α = β = 
1, is a nonhierarchical QAM where all bits have the same immunity to noise and could be 
assigned to LP data. In Mode-2, by setting α >1 (and β = 1) the conventional HQAM is 
achieved, i.e. there are 2 HP bits and 4 LP bits. Finally, mode-3 with α = 1 and β > 1, gives 
the first 4 bits a higher immunity than the last 2 bits. By switching between these three modes 
the percentage of HP bits can be changed between 0%, 33%, and 66% but its protection 
remains unchanged as shown in Fig. 4 with α and β values as listed on the figure. What 
actually changes with this switching arrangement is the protection of the LP bits, similar to 
the switching of section  2.1. For more details of this switched HQAM the readers are referred 
to  [7].   
 

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

10 15 20 25 30

SNR (dB)

B
E

R

HP

Mode-1: 0 bits

Mode-2: 2 bits

Mode-3: 4 bits

alpha beta

Mode-1 1 1

Mode-2 1.5 1

Mode-3 1 2

LP

Mode-1: 6 bits

Mode-2: 4 bits

Mode-3: 2 bits

 
Fig. 4. BER vs. SNR for LP and HP bits for three HQAM modes. 

 



The improved HP protection offered by HQAM is at the price of a lower noise immunity for 
the LP layer. In order to improve the protection of the layers we can incorporate channel 
coding before modulation to shift the BER curves of Fig. 4 towards the desired SNR region. 
This combination of switched HQAM and fixed FEC offers a number of advantages. Firstly, 
we can add protection with a constant channel-coding ratio for both HP and LP layers. 
Therefore, the LP data will never be transmitted unprotected, as opposed to the switched FEC 
where we often need to switch RLP to 1/1. Secondly, the protection of the HP layer becomes 
better than expected, as the high reliability of the HP bits soft information will improve the 
effectiveness of the turbo coding employed in this work. In simulation results we will show 
that this combination performs better than switched FEC. However, in the following we 
introduce another UEP solution with a proposed SNR scalability source coding arrangement 
which performs even better than the best effort UEP-DP.   
 

3 UNEQUAL ERROR PROTECTION FOR H.264 SNR SCALABILITY, (UEP-SCAL) 

In this work we employ our H.264 SNR scalable codec described in  [8], which follows the 
general framework of SNR scalability defined in the standard video codecs  [10]. The HP 
(base) layer of the scalable video is a fully standard compliant bitstream with a coarse 
quantisation step size while the LP (enhancement) layer contains additional data with a finer 
quantiser step size to enhance the video quality. Therefore, reception of the HP layer alone 
will give a drift free service which is a desirable feature. Moreover, the existence of 
quantisation in both layers provides a flexibility to control the rates of the individual layers 
independently. Fig. 5 shows the average HP source rate percentage for a wide range of total 
source rates from 10 kbps to 200 kbps (66% confidence limits, i.e. ± one standard deviation 
are also shown). As we see in data partitioning, the portion of the bit rate assigned to the high 
priority layer varies with the overall rate. That is why we need the complex adaptation 
described in section  2. On the other hand with SNR scalability, as Fig. 5 shows, over a wide 
range from 20 to 200 kbps the required percentage for various network constraints can be 
easily met, with a reasonable confidence as indicated by small standard deviations. 
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Fig. 5. Mean HP source rate percentage (with ± 1 standard deviation) vs. total source rate, Foreman QCIF at 10 
Hz. 
 
 
However, the drawback of SNR scalability is its higher overhead compared with data 
partitioning, resulting in lower picture quality for the same bit rate.  This is shown in Fig. 6 



for a total source rate of 50 kbps. As can be seen, although scalability can offer a flexible 
range of HP percentages while data partitioning offers only one, the overhead has caused a 
drop in the total peak signal-to-noise ratio (PSNR) of up to 1 dB. However, this penalty 
reduces with a lower HP percentage because the entropy coding of the enhancement layer 
improves as the data fraction reduces  [8]. It should also be noted that it is generally desirable 
to keep the HP bit rate as low as possible. This is because lower HP rates contribute to a 
significantly lower overall channel rate on account of the FEC process and also reduce the 
average transmitter power of the HQAM. However, as Fig. 6 shows, lowering the HP rate 
means a poorer HP quality and the rate and quality degradation of the base layer below 20% 
of the total rate is steep. On the other hand, an HP proportion above 40 % means little 
contribution of the LP layer to the overall picture quality. Thus, we should limit the HP 
percentage to around 20% to 40% to ensure a balance between efficiency and quality. In the 
following sections the incorporation of SNR scalability with UEP is discussed.  
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Fig. 6. PSNR as a function of the proportion of HP source rate: 100×sHP/(sHP+sLP), Foreman QCIF at 10 Hz, sHP 
+ sLP = 50 kbps. 
 
 
 

3.1 UEP-SCAL with prioritised FEC  

Since the HP and LP source rates of the scalable video can be flexibly controlled, its unequal 
error protection does not require frequent switching as it does with data partitioning. Hence, 
fixed RHP and RLP values can be selected for the layered protection of contents. However, to 
select proper rates, different constraints do exist. As noted above, the proportion of the HP 
source rate (sHP) should be within the region of good efficiency. Secondly, RHP and RLP 
should be determined such that the total channel rate (Equation 1) does not exceed the 
maximum available rate. These relationships are illustrated in Fig. 7 for RHP = 1/3 and RLP = 
4/5. It can be seen that only a limited region can be accepted as the practical adjustment 
between sHP and sLP. However, even in this area, the rate of the HP layer is very low and will 
have a poor quality. One solution is to increase RHP which means compromising HP 
protection. A better solution is to use HQAM which does not impose any overhead.  
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Fig. 7. Source and channel rates for an FEC UEP scalable video with RHP=1/3 and RLP=4/5. 

 

3.2 UEP-SCAL with combined FEC and HQAM 

As mentioned in section  2.2, the constraint on the HQAM is that its HP and LP capacities are 
constant. For example, for 64-HQAM, chHP is 33% of the total channel rate. If there is no 
FEC, this will be the required percentage of the sHP which is easily obtainable by our SNR 
scalable codec. Therefore, for SNR scalability, we do not need to frequently change α and β 
as in section  2.2, so the use of conventional HQAM is sufficient. Thus, SNR scalable video 
transmission with HQAM would be a simple and practical solution for many applications. 
The value of α simply determines how much distinction is made between the HP and LP 
protection  [8].  
 
In some applications, the quality of the channel is so poor that there is no option but to add 
FEC to the coded source data. For an UEP scalable video using HQAM, we can add FEC 
with a single channel coding ratio for both HP and LP layers and leave the task of UEP 
distinction completely to HQAM by adjusting α. In this case RHP = RLP and hence the source 
rate percentage remains unchanged.  
 
Alternatively, we may wish to add different FEC to the two layers. In this case RHP ≠ RLP, and 
the 64-HQAM limitation that chHP should be 33% limits the flexibility of choices, i.e. the 
source rates will be dictated to the codec by the selected RHP and RLP: 

LPLPHPHP Rch 0.66    sand  Rch 0.33  s ××=××= ,      (2) 

where ch is the total available channel rate. Therefore, we should be careful that the HP rate 
percentage does not move outside the practical range. For a combined HQAM and FEC, we 
leave the task of UEP entirely to HQAM, which only changes levels of protection, leaving 
source and channel rates unchanged. As mentioned earlier, the combination of HQAM and 
turbo coding will add a protection to the HP layer that even the turbo coding alone with a 
lower channel-coding ratio cannot achieve. Therefore, for the same level of protection we can 
transmit more source information with this combination, than with turbo-coding alone. This 
is evident from our simulation results.  
 

4 SIMULATION RESULTS  

The unequal-error-protected transmission of data-partitioned and SNR scalable coded video 
have been simulated in a Gaussian channel as well as in a fading environment (COST 207 



model  [11]) with a constant total channel rate of ch = 100 kbps. For forward error correction 
we employed turbo codes with generators G1=5 and G2=7 and a Log-MAP algorithm with 
three iterations in the decoder. Other turbo coding (TC) parameters are the same as detailed in 
 [12]. The received bits passed to the decoder include their reliabilities extracted from the soft 
demapping process for HQAM as in  [13]. 
 
For all the tests, the Foreman QCIF sequence at 10 Hz is used with a total length of 33 frames 
comprising NAL-units of no more than 150 bytes long. The first frame is an error-free 
intraframe and the rest are P-frames. The reason we did not consider more frames is that for 
data-partitioning the drift and so the average quality (which is the principle criterion in this 
paper) is directly related to the number of P-frames. We assumed that after 33 frames an 
intraframe would stop the propagation of errors. For confidence, we ran each experiment 100 
times and recorded the average results. We should mention that – although not demonstrated 
for brevity – these experiments have been repeated for the News video sequence and similar 
trends have been observed.  
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Fig. 8. Foreman QCIF at 10 Hz, UEP-DP sHP + sLP = 60 kbps, with switched TC: RHP = 1/2, RLP = {3/5, 2/3, 3/4, 
and 1/1}, and with switched HQAM combined with fixed TC: RHP = RLP = 3/5.  
 
The PSNR of pictures versus channel symbol SNR is depicted in Fig. 8 for two UEP-DP 
scenarios in a Gaussian and a Fading channel. The source rate of the data-partitioned video 
for both cases is 60 kbps while the remaining 40 kbps of the channel rate is dedicated to the 
FEC codes. As a benchmark, three nonlayered cases are also included in the figure (shown 
dotted) with different source rates and channel coding ratios as listed on the figure. It can be 
seen that our switched HQAM combined with fixed TC has outperformed the switched TC 
alone. For the HP part (low SNRs), it has provided a better protection even with a higher RHP, 
and for the LP part the advantage of the combined method is evident. Comparing Fig. 8 (a) 
and (b) it can be seen that higher channel SNR is required for the fading channel than for the 
Gaussian for the same service but the advantage of the combined method is evident.  
 
Comparing the UEP-DP graphs with the nonlayered ones is also interesting. When the entire 
channel rate is dedicated to the source, i.e. s = 100 kbps and R = 1/1, the service will be 
available only at high SNRs and UEP-DP is clearly a more attractive choice. By comparing 
the combined HQAM and TC and the nonlayered graph at 60 kbps (the same source rate) it 
can be observed that the UEP-DP has a lower performance than the nonlayered curve in some 
SNR regions of the Gaussian channel. However, surprisingly in a fading channel it has 
outperformed the nonlayered curve at all SNR regions (except its negligible overhead at very 



high SNR). This is because turbo coding in the fading channel does not perform as good as in 
the Gaussian channel. However, in a conservative design, by dedicating 66 kbps of the 
channel rate to the FEC (s = 33 kbps, R = 1/3) a video service is available over a wide SNR 
range with even a better quality than UEP-DP at the lower SNRs. This is the price to pay for 
unequal error protection with data-partitioning, where much of this degradation is the result 
of picture drift. In fact, if more than 33 consecutive P-frames had been selected, the average 
PSNRs of UEP-DP would have been even worse. This can be observed from Fig. 9 where it 
is clear that even the error-free reception of the HP layer alone for data-partitioning does not 
provide a stable picture quality.  
 

15

20

25

30

35

40

0 10 20 30 40 50 60 70 80 90 100
frame number

P
S

N
R

(d
B

)

DP HP+LP

SCAL HP+LP

SCAL HP layer only

DP HP layer only

First 33 frames

Y

 
Fig. 9. Error free frame-by-frame PSNR, 10 seconds of Foreman QCIF@10Hz, data-partitioned (DP): sHP+sLP = 
60 kbps, and SNR scalable (SCAL): sHP = 20 kbps, sLP = 40 kbps.    
 
However, the dotted plot in Fig. 9 shows that SNR scalability does not suffer from picture 
drift, so we can expect better results from UEP-SCAL especially because the channel coding 
ratios are fixed. Fig. 10 demonstrates the average PSNRs for UEP-SCAL with turbo coding 
alone (RHP=1/3, RLP=4/5) and with a combined HQAM and TC (RHP=RLP=3/5, α=1.5). The 
advantage of our combined method is evident from the figure; it allows a higher sHP for yet a 
better HP protection. Comparing with the conservative nonlayered curve (R=1/3) at low 
SNRs, the UEP-SCAL with the combined method has offered a video service with somewhat 
less quality. However, at the other extreme for higher SNRs, it gives more than 2 dB 
improvement on the video quality. This is the desired graceful service characteristic of a 
layered codec.  
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Fig. 10. Foreman QCIF@10Hz, UEP-SCAL with turbo coding alone: sHP = 16.6 kbps, RHP = 1/3, sLP = 40 kbps, 
RLP = 4/5, and combined HQAM and turbo coding: sHP = 20 kbps, sLP = 40 kbps, RHP = RLP = 3/5, α = 1.5.  
 



Fig. 11 now compares the best effort data partitioned method (UEP-DP) of Fig. 8 with the 
scalability method (UEP-SCAL) of Fig. 10. For both Gaussian and fading channels, it can be 
seen that SNR scalability has clearly outperformed the best effort UEP-DP at lower SNRs 
with a relatively small penalty at high SNRs as a result of its overhead. As explained earlier 
this superiority has two explanations: SNR scalability does not suffer from picture drift, and 
secondly, it can flexibly cope with the constraints imposed by the hierarchical QAM.  
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Fig. 11. Best effort UEP-DP and UEP-SCAL, selected from Fig. 8 and Fig. 10.  

 
 

5 CONCLUSION  

We have shown that by combining HQAM and turbo coding a more effective unequal error 
protected video transmission system can be achieved. However, the conventional HQAM 
imposes a severe constraint such that the bit rates of all layers need to be controlled. This is 
not met by data partitioning but can be achieved with SNR scalability as well as with any 
scalability that can control the bit rate of the layers. Since the current specification of H.264 
can only support data partitioning at a given temporal resolution, we have suggested a 
switched HQAM that can cope with the resulting variable layers bit rate ratio. However, the 
simulation results showed that SNR scalability can still be superior to data partitioning in an 
unequal error protection transmission. This will add further support to the current 
considerations by the standardisation committee on adding scalability within the H.264 
specification.   
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